ABSTRACT -(Influence of soil properties on the abundance of plant species in ferruginous rocky soils vegetation, southeastern Brazil). Ferruginous "campos rupestres" are a particular type of vegetation growing on iron-rich primary soils. We investigated the influence of soil properties on plant species abundance at two sites of ferruginous "campos rupestres" and one site of quartzitic "campo rupestre", all of them in "Quadrilátero Ferrífero", in Minas Gerais State, southeastern Brazil. In each site, 30 quadrats were sampled to assess plant species composition and abundance, and soil samples were taken to perform chemical and physical analyses. The analyzed soils are strongly acidic and presented low fertility and high levels of metallic cations; a principal component analysis of soil data showed a clear segregation among sites due mainly to fertility and heavy metals content, especially Cu, Zn, and Pb. The canonical correspondence analysis indicated a strong correlation between plant species abundance and soil properties, also segregating the sites.
Introduction
Ferruginous "campos rupestres" grow on "canga", a rock consisting of fragments of iron-formation and hard hematite cemented by limonite, an hydrated iron oxide (Simmons 1960 , 1968 , Pomerene 1964 , Rizzini 1997 . In Brazil, they are found mainly in a region known as "Quadrilátero Ferrífero", in Minas Gerais State (southeastern Brazil), and in "Serra dos Carajás", in Pará State (northern Brazil), sites that hold the main Brazilian iron ores. In literature, this vegetation was also called "canga vegetation" (Secco & Mesquita 1983 , Morellato & Rosa 1991 , Silva 1991 , 1992 , "campos rupestres" or rocky fields (Silva & Rosa 1990 , Silva et al. 1996 or ferruginous fields (Rizzini 1997 , Vincent et al. 2002 .
Since the term "campo rupestre" historically defines fields growing on quartzitic substrates (Magalhães 1966 , Giulietti et al. 1987 , we recommend the specification of the geological substrate for other "campos rupestres". In Minas Gerais, ferruginous "campos rupestres" occur mainly in the "cerrado" Province, a phytogeographical region characterized by a savannic vegetation with a physiognomic-floristic gradient varying from "campo sujo", a grassland with scattered shrubs, to a forest with more or less closed canopy, the "cerradão" (Coutinho 1978) . Ferruginous "campos rupestres" of Minas Gerais hold many elements of "cerrado" and quartzitic "campo rupestre" flora and the families with more species are characteristic of the Espinhaço Range (Jacobi et al. 2007 , Viana & Lombardi 2007 .
Rocky substrates and their derived primary soils may impose particular constraints to plant establishment, including soil scarcity, low water content, and low levels of nutrient. Additionally, high levels of heavy metals in metalliferous soils promote selection of resistant plant species that may show physiological and/or morphological adaptations (Porto & Silva 1989 , Silva & Rosa 1990 .
In this type of substrate there are ecotypes adapted to high metal concentration in soil (Duvigneaud & DenaeyerDe Smet 1960 , Antonovics et al. 1971 , Porto 1989 , Köhl 1997 , a low number of plant species and the presence of endemic species (Porto & Silva 1989 , Silva & Rosa 1990 . The metallophile vegetation is characterized by individuals with high concentrations of heavy metals in their tissues and occasionally by dwarf or giant ecotypes (Porto & Silva 1989) . The presence of high content of metal cations on soils is expected to influence phytosociological parameters of some populations (Howard-Williams 1970 , Antonovics et al. 1971 .
There are few studies concerning vegetation-soil heavy metal relationships in Brazilian metalliferous "campos rupestres". Heavy metal accumulation in plant tissues was studied in "Serra dos Carajás", Pará State (Porto & Silva 1989 , Silva 1992 , "Quadrilátero Ferrífero", Minas Gerais State (Porto & Silva 1989 , Teixeira & Lemos-Filho 1998 , on ferruginous soils, and in ultramafic soils in Niquelândia, Goiás State (central Brazil, Reeves et al. 2007) . Mining activities promote the destruction of this still poorly known ecosystem, suppressing plant species or populations that evolved in such a particular environment. The aims of present study were to investigate the influence of chemical and physical soil properties on plant species abundance in ferruginous "campos rupestres" and to compare them to a quartzitic "campo rupestre" in "Quadrilátero Ferrífero".
Material and methods
Study sites -The "Quadrilátero Ferrífero" is located in the southern portion of the "Cadeia do Espinhaço", in Minas Gerais State, southeastern Brazil (19°45'-20°30' S, 44°30'-43°07' W; figure 1). The climate is Cwb of Köppen, with a dry season from April to September (Herz 1978) . In the region, there are four types of physiognomies, depending on the geological nature of substrate: "campos cerrados" and quartzitic, granitic, and ferruginous "campos rupestres" (Giulietti et al. 1997 , Rizzini 1997 , Drummond et al. 2005 . Ferruginous "campos rupestres" may develop on iron-rich rocky outcrops (locally known as "canga couraçada") and iron-rich stony soils ("canga nodular"), and the variation of their physiognomies depends on the degree of weathering of the same type of rock (Rizzini 1997 , Vincent et al. 2002 .
This study was carried out in the "Parque Estadual da Serra do Rola-Moça" (PESRM) and in its vicinity, in northwestern portion of "Quadrilátero Ferrífero" (figure 1), in the municipalities of Belo Horizonte, Brumadinho, Ibirité, and Nova Lima, in Minas Gerais State, Brazil. This park and vicinities include "cerrado" physiognomies (Brazilian savanna) in altitudes below 1,000 m, riparian forests along valleys, and ferruginous and quartzitic "campos rupestres" above 1,000 m. In order to understand the relationship between vegetation and soil properties in ferruginous "campos rupestres", we studied two areas of canga substrate and one of quartzitic "campo rupestre" as a control study site: a. "Canga couraçada" (CCo): this is a "campo sujo" growing on ferruginous rocky outcrop and situated on Serra da Mutuca (20°01' S and 43°59' W; 1,350 m) in PESRM. Shrubs grow on crevices and herbs grow on soil islands or directly on the rocks (epilithic plants). b. "Canga nodular" (CNo): this is a "campo sujo" growing on ferruginous stony (nodular) soil and situated on "Serra do Rola-Moça" (20°03' S and 44°01' W; 1,350 m) in PESRM. This field is composed mainly by grasses and sedges mixed with shrubs and subshrubs and with a sparse population of a shrubby Velloziaceae (Vellozia compacta Mart. ex Schult. f.). c. Quartzitic "campo rupestre" (QCR): this is a grassland growing on nodular quartzitic soils intermixed by sparse quartzitic outcrops and situated on "Serra da Calçada" (20°06' S and 43°59' W; 1,300 m), Retiro das Pedras, near PESRM. It shows a "campo limpo" physiognomy, i.e., a grassland composed mainly by grasses and sedges. Ferruginous "campos rupestres" surround this area. recorded species was verified. All plants in the quadrats were recorded and determined to the species level when possible; individuals were defined as a unit emerging from soil. The voucher specimens were deposited in the herbaria of the "Universidade Federal de Minas Gerais" (BHCB) and "Escola Superior de Agricultura Luiz de Queiroz" (ESA). We used absolute density as measure of abundance (MuellerDombois & Ellenberg 1974) due to the difference in quadrat size among sites.
Three soil samples (0-10 cm deep) were collected within each quadrat and then mixed, totalling 30 samples by site. The soil samples were air-dried, sieved in 2 mm sieve, and the fine and coarse fractions were weighted to calculate the proportion of "fine soil" (FS) Data analysis -Soil variables were tested for normality by Shapiro-Wilk test (P < 0.05) and for homogeneity of variances by Levene test (P < 0.05). Since soil variables didn't have fulfilled parametric assumptions, multiple comparison tests were performed among the three study sites with KruskalWallis one-way ANOVA to detect significant differences (P < 0.05) (Siegel 1956 , Zar 1996 .
A principal component analysis (PCA) was performed with soil variables in the 90 quadrats to verify the segregation among study sites and to identify the variables most strongly correlated to groups (ter Braak 1995). Sum of bases and base saturation were not included due to their strong correlation with the other variables.
A canonical correspondence analysis (CCA) was performed to investigate the relationships between species abundance and soil variables in the 90 quadrats. Absolute density values were log-transformed after to add the value 1 to the original values to avoid problems with zero values , ter Braak & Looman 1995 , Oliveira-Filho et al. 2001 . Only species with n ³ 10 individuals and with occurrence in more than three of the 90 quadrats were included in the analysis. After a preliminary analysis, six variables were excluded due to high collinearity with other variables -pH and base saturation -or low correlation with the ordination axes (-0.4 < r < 0. 
Results
Soil properties -The soils of study sites are strongly acidic, and present low levels of P, low base saturation, high levels of Ca, Fe, Zn and Pb, and the substrate has a high proportion of coarse soil (³ 2 mm) (table 1).
The sites were clearly discriminated in the PCA diagram (figure 2), where the two first axes explained 65.3% of total variance (Axis 1 = 39.0%, Axis 2 = 26.3%). The first axis was strongly positively correlated to CEC, OM, Fe and P levels, and negatively correlated to Mg, pH, Mn, and Pb; this axis separates CCo from CNo and QCR, reflecting differences between rocky outcrop and continue Table 1 . Physical and chemical soil properties of "canga couraçada" (CCo) and "canga nodular" (CNo) in "Parque Estadual da Serra do Rola-Moça" and of quartzitic "campo rupestre" (QCR) in "Retiro das Pedras", southeastern Brazil. OM = organic matter; H+Al = potential acidity; SB = sum of bases; CEC = cation exchange capacity; V = base saturation; FS = fine soil. Different letters after mean (x -) and standard deviation (s) indicate significant differences in Kruskal-Wallis test (P < 0.05). Figure 2 . Diagram of ordination in the two first axes yielded by principal component analysis (PCA) of soil properties in the study areas: "canga couraçada" (C), "canga nodular" (N), and quartzitic "campo rupestre" (Q). Soil properties are given as vectors.
CCo (n = 30) CNo (n = 30) QCR (n = 30) Soil-plant species relationships -We found 40 species in "canga couraçada" (CCo), 131 in "canga nodular" (CNo), and 104 in quartzitic "campo rupestre" (QCR), totalling 228 species and 49 families. (R.C. Vincent et al., unpublished data) . 116 species were selected for canonical correspondence analysis, belonging mainly to Asteraceae (24.1%), Poaceae (17.2%) and Cyperaceae (9.5%) (table 2). The sites were clearly segregated in CCA (figure 3) as also observed in PCA (figure 2). The eigenvalues of two first axis of CCA diagram were high (Axis 1 = 0.801; Table 2 . Species selected for canonical correspondence analysis (CCA). Abbrev. = abbreviations used on figure 3 to species names. (AD = absolute density (ind m -2 ); CCo = "canga couraçada"; CNo = "canga nodular"; QCR = "campo rupestre"; UN = undetermined species). Collector's number of R. C. Vincent; voucher material deposited in BHCB* and ESA herbaria. Axis 2 = 0.628), the first one explaining 18.8% of total variance and the second 14.7% (table 3) . The Pearson's correlation index obtained from Monte Carlo permutation test showed that plant abundance was significantly correlated with soil properties (r = 0.983, P < 0.01 in the first axis; r = 0.970, P < 0.01 in the second one). The first axis was positively correlated to CEC, H+Al, OM, P and Fe, and negatively correlated with Mg and Pb levels; this axis separates CCo from QCR and CNo. The second axis showed strong negative correlation with Cu, Zn, besides Mn, Cd, Ca and sand, and positive correlation with clay and K, and has separated CNo from CCo and QCR ( figure 3b) . The dispersion of quadrats in CCA diagram reveals a gradient in CCo (figure 3b). A group of quadrats showed high abundance of individuals of species found only in this area (upper right of the figure 3a), mainly Barbacenia sp.1 and Vellozia cf. resinosa (Velloziaceae), and Acianthera teres and Sophronitis caulescens (Orchidaceae), while the remnant quadrats showed lower densities of the exclusive species and more individuals of species common to the "canga nodular", such as Paspalum scalare and Melinis minutiflora (Poaceae), Chromolaena multiflosculosa (Asteraceae), Cyperaceae 2, and Dyckia cf. saxatilis (Bromeliaceae) ( figure 3a) . In CNo, we also observed such a gradient but not so intense, while the QCR quadrats were strongly aggregated in the CCA diagram (figure 3b). A gradient between QCR and CNo was observed in figure 3a , where exclusive species have occupied the ends of gradient and the common ones have occupied intermediary positions in the diagram according to their abundances, mainly Chaptalia piloselloides, C. integerrima and Lessingianthus 
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Discussion
Soils from the ferruginous "campos rupestres" and the quartzitic "campo rupestre" studied here are similar to those of other quartzitic "campos rupestres" concerning to low pH, P levels and base saturation (Vitta 1995 , Conceição & Giulietti 2002 , Teixeira & Lemos-Filho 2002 . The highest levels of most of metallic cations in CNo was expected since intemperization releases elements from rock. The high acidity of soil may enhance availability of metal cations toxic to plants, except for copper, because H + and Cu antagonism may reduce copper toxicity (Malavolta et al. 1967 , Levitt 1980 , Bornemisza 1982 . Thus, except for this cation, the high concentration of heavy metals in the acidic soils of the study sites probably acts as an additional stress factor to their plants. The quartzitic fields where QCR is situated are embedded among ferruginous formations, probably explaining the high Pb, Mn, Cu, and Fe concentrations found, as recorded by Teixeira & Lemos-Filho (1998) in soils of a quartzitic rocky outcrop in Serra de Itabirito, a range also situated in "Quadrilátero Ferrífero".
The high OM content found in CCo soil (table 1) , although partially explained by the high proportion of not decomposed plant debris, may reduce both the availability and the toxicity of Zn to plants (Malavolta et al. 1967 , Levitt 1980 , Bornemisza 1982 .
The Fe content found in CCo is similar to that found at "Serra dos Carajás" (northern Brazil), where the values are 435.3 and 589.6 mg dm -3 (Silva 1992) . At "Serra do Itabirito", in "Quadrilátero Ferrífero", Teixeira & LemosFilho (2002) found Fe amounts similar to CNo values, both in ferruginous and quartzitic outcrops, respectively 151.5 and 171.0 mg dm -3 , while the value found in southeastern "Quadrilátero Ferrífero" (Gonçalves-Alvim & Fernandes 2001) was lower than any other ferruginous outcrop (74.0 mg dm -3 ). The comparison of other metal levels among ferruginous outcrops from "Cadeia do Espinhaço" and "Serra dos Carajás" reveals that CCo have the highest amounts of Cu and Zn, but less Mn, Cr and Cd (Silva 1992 , Gonçalves-Alvim & Fernandes 2001 , Teixeira & Lemos-Filho 2002 . In ultramafic soils at Niquelândia (central Brazil) the total amounts of Cr, Cu, Mn and Ni were very high (Reeves et al. 2007 ), but it is not possible to compare them to those found here due to the employed method, since they determined total amounts, while the present study deals only with available content.
The study sites were different edaphically, floristically and phytosociologically, as evidenced by ordination analyses (figures 2 and 3) . The main edaphic variables influencing site segregation are related to soil fertility, such as CEC, P and Mg levels, H+Al, OM content, clay, and to the amounts of metallic cations, mainly Fe, Pb, Zn, and Cu (figure 2).
Some authors have related the physiognomical gradient of "cerrado" to soil fertility (Alvim & Araújo 1952 , Goodland 1979 , while others did not find such relationship (Gibbs et al. 1983 , Ruggiero et al. 2002 . This absence of relationship, however, could be explained by the choice of the stratum analyzed; the superficial root systems of many "cerrado" herbs and subshrubs allow higher exploration of superficial soil horizon by these plants than by the woody component (Walker 1984) . Thus, spatial edaphic and microtopographic variability of superficial soil produce more edaphic microsites for herbaceous and subshrub species than for woody species, which may respond to a combination of those microsites (Sagers & Lyon 1997 , Vieira 1997 . Additionally, herbaceous and subshrub flora of "cerrado" have two or three times the number of species of the woody flora (Mantovani & Martins 1993 , Castro et al. 1999 ); a relation of 1.7:1 was observed in a phytosociological survey performed in both strata of an 1 ha area of "campo cerrado" in São Paulo State (Vincent et al. 1992) . In same way "campos rupestres" present such spatial heterogeneity since there are areas with exposed rock (outcrops), stony or nodular soils or primary soils, besides edaphic and microtopographic variability characteristic of the superficial soil. Although "cerrado" soils are deeper than "campo rupestre" ones, their higher variability occurs in superficial soil, then it is reasonable to expect high correlation between soil properties and the lower layer of vegetation. The spatial edaphic heterogeneity together with the high species diversity of herbaceous-subshrub layer make this stratum more useful to verify factors affecting physiognomical gradient in "cerrado" or in "campos rupestres" as suggested by data obtained here ( figure 3) .
The CCo quadrat gradient observed in CCA diagram (figure 3) must not be attributed to the soil variables analyzed here, since this pattern was not observed in PCA diagram (figure 2). Probably, this is a result of a gradient of exposed rock proportion, since the quadrats with higher density of epilithic species clumped together. On the other hand, the gradient in CNo quadrats reflects the gradient of heavy metal levels, especially Cu, Zn, and Cd (figures 2, 3). High levels of Cu, Ni, and Co on metalliferous soils in Rhodesia were correlated with floristic composition and with the density of populations of Becium hombley and B. obovatum (Lamiaceae) (Howard-Williams 1970) . The distribution of QCR quadrats and species reveals a correlation between the group of species exclusive to QCR and soil, while the species shared by QCR and CNo grow on soils with intermediate properties.
Although sharing a common geological origin, the "canga couraçada" and the "canga nodular" showed quite different soil properties probably due to the effect of rock degradation on release of mineral particles and chemical elements, besides the differences in exposed rock proportion. On the other hand, although CNo and QCR have nodular substrates the different geological origins play an important role in soil differences. The data presented here have showed the influence of some soil properties on the abundance and distribution of species within and among areas.
